A simple yet precise optical technique for measuring the ambipolar carrier mobility in semiconductors is presented. Using tightly focused Gaussian laser beams in a photo-reflectance system, 
I. INTRODUCTION
Carrier mobility is a key electronic property influencing semiconductor device performance. In semiconductor device manufacturing, many process have the potential to alter or degrade carrier mobility. Thus the ability to measure the carrier mobility between processing steps, in a nondestructive manner, is advantageous in the semiconductor industry. Numerous optical techniques have been developed for measurement of carrier electronic properties.
Surface photovoltage (SPV) [1, 2] , photoconductance decay [3] , free carrier absorption [3] , photoluminescence [4] , and time-resolved THz spectroscopy [5, 6] are among the techniques frequently reported. The last technique, THz spectroscopy, is potentially sensitive to carrier mobility but requires a complex experimental setup.
In this letter, a simple yet precise optical technique for measuring carrier mobility in semiconductors is demonstrated. The technique is based upon profiling of the output signals of a laser photo-reflectance (LPR) system as the sample is stepped through focus. The technique may be used to simultaneously characterize carrier diffusion length and recombination lifetime. These carrier properties determine the diffusion coefficient, or equivalently, the carrier mobility.
To demonstrate this technique, referred to as Z -scanning laser photo-reflectance, parameterized expressions for the LPR signal amplitude and phase were fit to experimental Z -scan LPR data obtained from samples consisting of shallow electrical junctions formed in silicon.
Independent estimates of the diffusion length and recombination time were obtained from the fit procedure. Statistical estimates of fit error were used to estimate precision of the determined diffusion lengths and recombination lifetimes. These values were used to determine the mobility and its precision via the Einstein relation. Systematic effects of process variations on carrier electronic properties are observed. For the selected set of Z -scanning measurement parameters, statistical uncertainties in the determined optical mobility are demonstrated at less than 2%.
II. THE Z -SCANNING LASER PHOTO-REFLECTANCE TECHNIQUE
Photo-reflectance refers to the use of an intensity modulated pump light beam to photoinject charge carriers in a semiconductor sample while a second probe light beam is used to detect the modulated reflectance of the sample. Phase-locked detection of the signal at the known modulation frequency is used to suppress unwanted noise, resulting in the ability to detect reflectance changes at the ppm level [7] . The technique reported here uses Gaussian laser beams for both the pump and probe beams in a photo-reflectance apparatus. The beams are collinear and co-focused to a point along the beam path. Z is the displacement of the sample from the common beam waist along the focal column. The reflected probe beam is collected and input to the detector, thereby integrating over the radial profile of the beam. The remaining Z dependence of the signal depends only upon the diffusion length, recombination time, and focal parameters. The detector output is passed to the lock-in amplifier, which measures the LPR signal. The acquired LPR signal is the relative change in the (radially integrated) reflected probe light intensity and consists of a vector characterized by an amplitude and a phase. The amplitude is the induced (AC) change in reflectance divided by the DC (i.e. linear) reflectance, whereas the phase characterizes the temporal delay of the reflectance change due to the relaxation dynamics of the carriers within the sample. Thus the LPR signal is acquired as a function of Z.
The focal geometry of the incident pump and probe beams at Z = 0 is illustrated in Fig. 1 . At focus, the linear reflected pump and probe beam profiles will coincide with the respective input beams. The pump will induce a reflectance modulation within a radius 
Representative cross-section of beams present in the Z-scanning LPR system. The reflected AC probe beam profile is highly sensitive to L d .
data. The mobility and its uncertainty can then be obtained from the Einstein relation
III. THEORETICAL PRINCIPLES
At the critical points of a semiconductor material, the LPR signal arises from an electromodulation effect which exhibits a sharp third-derivative lineshape [8] . In this case the photo-reflectance signal becomes:
where q is the electronic charge, N e is the carrier concentration, ∆V is the SPV, ǫ s is the static dielectric constant, and L(λ) is a line-shape function determined by the semiconductor bandstructure (λ is the probe beam wavelength). Eq. (1) is valid for depleted surfaces provided the electric field is not too inhomogeneous [8, 9] .
The SPV depends on the pump beam and the physics of its interaction with the sample [1] . The SPV is generally linear in the pump intensity provided the photo-injection is small with respect to the restoring current [10, 11] . In this case the SPV will exhibit the spatial dependence of the excess carrier density. In the one-dimensional (1D) limit ω p (Z) ≫ L d [12] , the SPV may be obtained from the solution of the 1D differential equation for the modulated the carrier density [2] . In the three-dimensional (3D) limit
, the excess carrier density involves a zero-order Hankel transform of the 1D solution and therefore must be treated numerically [13, 14] . However, the use here of Gaussian laser beams for both the pump and probe means the reflected probe beam may instead be treated directly according to the analytically tractable method of Gaussian decomposition [15] [16] [17] .
Consider cylindrically symmetric Gaussian pump and probe beams directed at normal 
where |E o | 2 is the intensity of the probe beam at focus, ω o is the probe beam waist (i.e.
o /λ is the Rayleigh range of the probe beam), ρ is radial distance as measured from the probe beam axis,r is the complex reflectance coefficient, n is the sample refractive index, n 2 and k 2 are effective nonlinear indices defined by the coefficients appearing in Eq. (1) (including the line-shape function), I p is the intensity of the pump beam at focus, and ω m (Z) is the radius of modulation as previously defined.
The leading term corresponds to the DC component of the reflected beam whereas the second term corresponds to its modulated component.
Squaring the mirror-reflected probe field and integrating the over the beam profile yields the spatially integrated LPR signal via the identification:
where E dc is just the linear reflectance amplitude. Neglecting terms second order in the nonlinear indices and performing the spatial integrations in Eq. (3), the LPR signal may be written:
where n 
where A and φ o are the Z independent amplitude and phase, respectively. Thus if the pump is amplitude modulated at frequencies where Ωτ ∼ 1, the recombination time will likewise become directly coupled into the Z dependence of the phase.
If ω first be used to provide an independent estimate of τ and its uncertainty [18] . Then the output value for τ may be held constant in the amplitude fit in order to estimate L d and its uncertainty.
IV. EXPERIMENTAL
A set of silicon samples wafers with various p-type ultra shallow junction structures were tested using the Z -scan LPR technique. The shallow junctions were formed in silicon (100) substrates by implantation of n-type dopant (As) followed by low-energy high-dose B implantation. Dopant activation was performed using millisecond timescale flash-lamp based annealing. A range of base temperature and flash temperature targets were used to study dopant activation, dopant diffusion, and material quality. The process conditions The phases are again symmetric with respect to Z, in accord with Eq. (5). Note the more sharply peaked amplitude data corresponds to the broader phase data. The mobility and its estimated uncertainty were obtained from the extracted parameters via the Einstein relation. Table 1 lists fitted values of diffusion length, recombination time, and mobility for the subset of samples with AI, assuming a measurement uncertainty of 2 ppm for the LPR amplitude and 0.13
• for the LPR phase.
Systematic variations in extracted parameters with process conditions are observed. The extracted carrier parameters show little sensitivity to the As thermal anneal (columns labeled "As pre-soak"). This is expected since the AI step occurred after the thermal As anneal (prior to B implantation). When the 1300 • C/550
• C flash anneal is repeated, the diffusion length increases by a factor of ≈ 1.5X, while the recombination lifetimes are reduced by ≈ 10%, resulting in an over 2X increase in mobility. When the base temperature of the flash anneal is increased to 600 • C, the recombination time roughly doubles, indicating better removal of the AI damage. However, the observed diffusion length only increases ≈ 10%.
This behavior indicates the repeated 1300
• C/550
• C flash anneal achieves good junction activation but does not completely anneal the AI damage. For all samples tested, the measured mobilities agree with values expected from the activated doping levels [6] . The estimated uncertainty in the extracted mobility remains less than 2% in all cases. The Z -scanning LPR based technique presented here has been used to characterize carrier diffusion lengths, recombination lifetimes, and mobilities with high precision. In addition, the LPR amplitude at focus has been previously used to characterize active doping concentration (i.e. through the dependence of Eq. (1) on N e ) [19] . Therefore, provided the active dopant concentration can be determined from the LPR amplitude at focus, the mobility as measured from the Z -scanning LPR technique may be used to characterize the sheet resistance R s via the relation R s ∝ 1/µN e .
